Tunable Raman spectroscopy is used to measure the optical transition energies E ii of individual single wall carbon nanotubes. E ii is observed to shift down in energy by as much as 50 meV, from ÿ160 to 300 C, in contrast with previous measurements performed on nanotubes in alternate environments, which show upshifts and downshifts in E ii with temperature. We determine that electron-phonon coupling explains our experimental observations of nanotubes suspended in air, neglecting thermal expansion. In contrast, for nanotubes in surfactant or in bundles, thermal expansion of the nanotubes' environment exerts a nonisotropic pressure on the nanotube that dominates over the effect of electron-phonon coupling. DOI: 10.1103/PhysRevLett.96.127403 PACS numbers: 78.67.Ch, 73.22.ÿf, 78.30.Na The temperature dependence of the electronic band structure of carbon nanotubes is important for many of their practical applications such as field-effect transistors [1] and single nanotube optical emission devices [2] . With a precise understanding of the temperature dependence of nanotubes we are able to use the temperature as a parameter to tune the electronic energies of nanotubes in a controlled manner, thus providing a more versatile set of devices, as well as a better understanding of the fundamental physics of carbon nanotubes.
The temperature dependence of the electronic band structure of carbon nanotubes is important for many of their practical applications such as field-effect transistors [1] and single nanotube optical emission devices [2] . With a precise understanding of the temperature dependence of nanotubes we are able to use the temperature as a parameter to tune the electronic energies of nanotubes in a controlled manner, thus providing a more versatile set of devices, as well as a better understanding of the fundamental physics of carbon nanotubes.
In earlier work, Raman spectroscopy carried out at a fixed laser energy on large ensembles of nanotubes showed downshifts in the phonon frequencies with increasing temperature [3, 4] . The results also indicated that the optical transition energies E ii [5] shift with temperature, although they were unable to determine by how much E ii shifted or in which direction. More recently, photoluminescence spectroscopy and tunable Raman spectroscopy have allowed the direct measurement of the optical transition energies E ii as a function of temperature [7] [8] [9] [10] [11] [12] [13] [14] . These studies show a variety of results ranging in both the magnitude and sign of the shift dE ii =dT. Studies on nanotube bundles [13] and nanotubes coated in surfactant [9, 13, 14] show dE ii =dT to be positive or negative, depending on whether n ÿ mmod3 1 or 2, respectively.
In the present work, E ii of individual isolated nanotubes suspended over trenches are measured at various temperatures using tunable Raman spectroscopy. By suspending the nanotubes off the substrate we minimize the environmental perturbation to the nanotube, and are thus able to observe the theoretically predicted electron-phonon coupling behavior in nanotubes [15] . This behavior is not observed in nanotubes in alternate environments, where the thermal effect is dominated by pressures exerted due to the expansion and contraction of the nanotubes' environment.
Individual suspended single wall carbon nanotubes (SWNTs) are prepared by first etching trenches in quartz substrates by reactive ion etching (RIE) in a CF 4 plasma. A chromium film, patterned by electron beam lithography and wet chemical etching, is used to mask the quartz during the RIE process. SWNTs are grown over the trenches by chemical vapor deposition in methane gas at 900 C, using a 1 nm thick film of iron as the catalyst for the nanotube growth. Resonant nanotubes are found by scanning the laser spot along the trench. We typically find 3 to 5 spatially separated resonant nanotubes along the 77 m long trench. Once a resonant nanotube is found with an extremely large signal, we record its location. While atomic force microscopy and scanning electron microscopy (SEM) were performed on preliminary samples to optimize the parameters of our growth of individual suspended nanotubes, microscopy was not performed on the samples measured in this work. We found that SEM exposure spoiled the strong resonance we observed in pristine samples. Spectra are measured in a modified Renishaw Raman microprobe RM1000B, with a tunable Ti:sapphire laser and variable angle filters allowing us to tune through the resonance of an individual nanotube between 720 and 830 nm (1.72 to 1.49 eV). For the diameter distribution of these samples we are primarily in resonance with E 11 of metallic nanotubes and E 22 of semiconducting nanotubes. Spectra were taken with a 50 objective (NA 0:75) at a laser power of 1 mW. The sample temperature was con-trolled with a Linkam (THMS600) temperature control system over the range ÿ160 to 300 C in a N 2 gas environment. Additional heating from the laser is ruled out by the Stokes/anti-Stokes ratio which produces the expected value at room temperature, based on the MaxwellBoltzmann factor e ÿE ph =k B T [16] . Figure 1 shows the intensity of the 268 cm ÿ1 radial breathing mode (RBM) of an individual suspended SWNT plotted as a function of laser energy at three different temperatures. Each point on this plot corresponds to the RBM intensity taken at a different laser energy. At each temperature the intensity profile depicts a well-defined peak indicating the resonance condition between the laser energy and the transition energy E ii of the SWNT. We notice that the position of the peak intensity shifts down in energy by about 50 meV over this temperature range. The RBM intensities at these three temperatures are normalized for graphical purposes. We observe the intensity to decrease monotonically as the temperature increases, while the width of the resonance increases with temperature. The RBM frequency, however, is not observed to change with temperature, within the precision of the measurement.
The experimental data was fit using the resonant Raman scattering equation for a one dimensional (1D) system [12, 16] , yielding accurate values for the transition energies E ii and the resonance broadening factor . In this way we can determine E ii directly from the measurement with 1:5 meV precision. Table I shows the results of least squares fitting of the experimental data to the resonant Raman equation. Since these nanotubes are suspended in air, and have been shown to be shifted in E ii from those coated in surfactant [16] , unambiguous (n; m) assignments of these nanotubes are not possible. The first two nanotubes in Table I with ! RBM 267 and 268 cm ÿ1 are semiconducting, in resonance with E 22 , and have been assigned to the 2n m 22 branch [16] . It is likely that these are 10; 2 and 11; 0 nanotubes. The remaining three nanotubes fall in the range of metallic nanotubes [17] , and are more difficult to assign (n; m). These metallic nanotubes are in either the branch 2n m 36 or 39, with possible chiralities of 18; 0, 19; 1, 12; 12, and 14; 8.
The optical transition energies in nanotubes are known to deviate from the single particle energies due to band gap renormalization and exciton binding [6, 18, 19] . As indicated by the equation ET; E SP T E BGR ÿ E XB , we expect the temperature dependence of the optical transition energy ET to be determined primarily by the temperature dependence of the single particle energy E SP T, while the band gap renormalization energy E BGR and exciton binding energy E XB depend primarily on the dielectric constant rather than temperature [16] .
The observed downshifts in E ii can be explained by considering electron-phonon (e-p) coupling, calculated using a ''frozen-phonon'' scheme within an extended tight-binding model [15] . In this scheme, as the shapedeformation mode phonons become thermally occupied E ii shifts down in energy over the temperature range of our measurements (ÿ160 to 300 C). Figure 2 and Table II show the temperature dependence of E ii of some nanotubes whose diameters and transition energies correspond to those of the nanotubes measured in this experiment. For all of the nanotubes calculated, regardless of chirality, E ii shifts down over the measured temperature range (ÿ160 to 300 C), as observed experimentally. For the 11; 0 semiconducting nanotube, E 22 shifts by ÿ10:4 meV between ÿ160 and 25 C and by ÿ19:8 meV between 25 and 300 C. These theoretical predictions agree very well with the average experimental values in Table I . In Table I , the rate of change dE ii =dT increases in magnitude with temperature, also in agreement with the e-p coupling model.
The temperature induced downshifts of E ii (E ii ) predicted by the e-p coupling model show relatively little dependence on chiral angle. For semiconducting nanotubes with n ÿ mmod3 1, E 22 tends to be smaller than for 2 nanotubes, particularly at low temperatures. 
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127403-2 Also, the 1 nanotubes have a stronger dependence on nanotube diameter than the 2 nanotubes [15] . In metallic nanotubes, the first subband transition splits into an upper (E 11 ) and lower (E ÿ 11 ) band due to trigonal warping. E 11 shows a weaker temperature dependence and a stronger diameter dependence than E ÿ 11 . For both semiconducting and metallic nanotubes, larger diameter nanotubes tend to have smaller shifts in E ii . The small E ii observed in the large diameter nanotubes of Table I (! RBM 160 cm ÿ1 ) is consistent with this aspect of the e-p coupling model.
The consistent downshift of E ii with increasing temperature, observed on nanotubes suspended in air, is in striking contrast to the tunable Raman and photoluminescence measurements on nanotubes in bundles [13] and surfactant coated nanotubes [9, 13, 14] . In both previous measurements E ii is found to blueshift with increasing temperature for nanotubes with 1 and redshift for nanotubes with 2. A quantitative comparison of our work and the work on bundles is not possible since the laser heating method used does not yield the sample temperature. However, the qualitative disagreement between our measurements and these previous measurements is striking. The observed upshifts of E ii cannot be explained by the e-p coupling model discussed above, and we must consider the effects of thermal expansion.
We calculate the effect of expansion on the electronic subband energies using a simple nearest neighbor tightbinding model similar to that developed by Yang et al. [20, 21] . All scenarios of expansion and nanotube diameter and chirality can be understood with a single analytical expression [22, 23] :
where r and z are the radial and axial strains, is the chiral angle, and n ÿ mmod3 for semiconducting nanotubes and 1 for E ÿ 11 and 2 for E 11 transitions in metallic nanotubes. We can see from this expression that the effects of nonisotropic expansion on E ii are maximized for zigzag nanotubes [ cos3 1]. For radial expansion ( z 0), E 22 shifts down for 1 nanotubes and up for 2 nanotubes, as observed in the surfactant coated nanotubes. Conversely, for axial expansion ( r 0), E 22 shifts up for 1 nanotubes and down for 2 nanotubes. For isotropic expansion ( r z ) this expression reduces to E ii ÿ2E ii r , independent of chiral angle.
While radial expansion explains the experimental data from nanotubes in bundles [13] and nanotubes in surfactant [9] , the effects of e-p coupling are expected to be present in all nanotubes regardless of their environment. However, pressure exerted by the thermal expansion of the nanotubes' environment dominates over the effect of e-p coupling. For surfactant coated nanotubes, the volume of the surfactant can be many times larger than that of the nanotube [24] . Assuming that the surfactant has a different thermal expansion coefficient than the nanotube it will exert a nonisotropic pressure on the nanotube because of the nanotube's very large aspect ratio. This conclusion has been put forth in a previous publication [10] . Therefore, the main effect of temperature for surfactant coated nanotubes is most likely the pressure exerted by the surfactant due to the thermal expansion or contraction of the surfactant, rather than the intrinsic thermal expansion of the nanotubes itself, which is negligible. A similar argument can be made for a nanotube in a bundle.
Further evidence exists for the influence of the thermal expansion of nanotubes' environment on E ii . Li et al. studied the effects of strain induced in surfactant coated nanotubes by the thermal expansion/compression in D 2 O using photoluminescence spectroscopy [10, 11] . They observe both upshifts and downshifts in E ii of semiconduct- 
127403-3 ing nanotubes as they vary the temperature of the frozen D 2 O. Because of the nanotubes' large aspect ratio the resulting compression and expansion is along the axial direction. In the case of uniaxial expansion Eq. (1) fits their data extremely well, proving that the thermal expansion of the host can exert a highly nonisotropic stress on the nanotubes.
It is tempting to attribute the downshifts observed in Table I to isotropic thermal expansion of the nanotubes, which predicts a universal downshift of E ii with increasing temperature. However, it would require a thermal expansion coefficient of 2 10 ÿ5 = C to explain our largest thermal shift of ÿ50 meV in the ÿ160 C to 300 C temperature range. This is more than 1 order of magnitude larger and opposite in sign from that of graphite (ÿ1 10 ÿ6 = C) [25] . Molecular dynamics simulations have predicted the thermal expansion of nanotubes to be similar to that of graphite [26, 27] . We therefore favor e-p coupling as the true physical phenomenon underlying the experimental observations. The e-p coupling model is further corroborated by ensemble measurements of the bandgap photoluminescence of nanotubes suspended in air, which show downshifts of E 11 on the order of 20 V=K [7] , well within the range predicted by the e-p coupling model [15] .
In conclusion, tunable Raman spectroscopy is used to measure small changes in the optical transition energies E ii of individual carbon nanotubes over a wide temperature range. For nanotubes suspended over trenches we observe a decrease in E ii with temperature, in contrast to previous measurements on bundles and surfactant coated nanotubes. Theoretical modeling suggests that the temperature dependence of the optical transition energies E ii of nanotubes suspended in air is dominated by the effect of electronphonon coupling, whereas that of nanotubes coated in surfactant and nanotubes in bundles is dominated by the thermal expansion of the nanotubes' environment.
